Background {#Sec1}
==========

Aripiprazole's (ARI) antipsychotic activity is unique as it has an agonistic activity on presynaptic dopamine auto-receptor and an antagonistic effect on the postsynaptic dopamine D~2~ receptor \[[@CR1]\]. This partial agonism and antagonism is due to the high affinity of ARI towards the 5-HT~1A~ and 5-HT~2A~ receptors present on serotonin neurons. ARI has been recommended for the treatment of schizophrenia and bipolar disorders. \[[@CR2]\] Also, ARI is used for neuropsychiatric symptoms, commonly seen in Alzheimer disease, but results from randomized controlled trials on the safety and efficacy of these drugs are conflicting. In spite of that, the use of ARI is rapidly increasing throughout the world because it shows modest efficacy in the treatment of Alzheimer disease related psychosis \[[@CR3]\]. Furthermore, ARI is more effective for particular symptoms, such as anger and aggression \[[@CR4]\].

Phospholipids are present in very high amounts in the central nervous tissue. The phospholipids present include docosahexaenoic acid, arachidonic acid, inositol phosphate and diacylglycerol, and these can be peroxidated on exposure to reactive oxygen molecules, generating reactive oxygen species (ROS). Neurotransmitters such as dopamine, serotonin, glutamate and acetyl choline generate these phospholipids as secondary messengers that are pathological reasons for the disease of central nervous system \[[@CR5]\].

ROS may cause damage to nucleic acids, denature proteins, and saturating the fatty acids in lipid bilayer, resulting in altered membrane structure and function \[[@CR6]\]. Since the demand for ATP is high, the brain consumes oxygen (O~2~) rapidly, and is thus susceptible to interference with mitochondrial function, which can in turn lead to increased O~2~^−^ formation. The brain contains multiple antioxidant defenses to restrict the harmful effects of ROS, of which the mitochondrial manganese-containing superoxide dismutase and reduced glutathione seem especially important \[[@CR6]--[@CR9]\]. In depression there is loss of innate antioxidant activity mechanisms and pro-inflammatory cytokines that in turn result in the increased free radical formation because of phagocytic cell activation \[[@CR10]\]. Hydrogen peroxide (H~2~O~2~) has been used to produce the mice models to mimic oxidative stress \[[@CR11]\].

Many studies have reported the association between the depression and activation of anti-inflammatory responses. The inflammatory response is demonstrated by the increased production of the pro-inflammatory cytokines, such as interleukins and tumor necrosis factor-α. It has been proved in animal and human models that changes in these pro-inflammatory cytokines produces behavioral changes leading to depression. These behavioral changes include lack of good feeling, weight loss, insomnia, social withdrawal, anorexia, psychomotor retardation, fatigue and irritability. Anti-inflammatory and pain relief effects with antidepressant treatments by unknown mechanism is well documented \[[@CR5], [@CR12]\].

The role of ROS has been established in various neurological and psychiatric diseases as central nervous system is highly vulnerable to oxidative stress. Treatment with antidepressants may suppress immune cells which in turn could result in reduction of ROS production. ARI has been reported to have antioxidant potential \[[@CR10]\]. Flavonoid compounds are widely distributed in plant kingdom and citrus fruits contain high content of flavonoids \[[@CR13]\]. Flavonoids in citrus fruits and their metabolites possess antioxidant and anti-inflammatory properties, thus, reducing the risk for various chronic diseases mediated through ROS \[[@CR13]--[@CR15]\]. Grapefruit (*Citrus paradisi*; family: Rutaceae) is rich in citrus flavonoids and has beneficial anti-oxidant and anti-inflammatory properties \[[@CR16]--[@CR21]\]. Grapefruit juice (GFJ) has been shown to have antioxidant potential in mice \[[@CR16], [@CR17]\]. The protective effect of GFJ against genotoxicity has also been proved in various other studies \[[@CR16], [@CR18], [@CR19]\]. Several studies have shown the protective effect of GFJ against hydrogen peroxide induced toxicity because of its antioxidant potential \[[@CR20], [@CR21]\]. High amounts of naringin flavonoid (1 mmol l^− 1^) has been found and is unique to GFJ \[[@CR22]\]. GFJ is also known for its pharmacokinetic drug interactions as it increases the plasma concentration of several drugs by inhibiting the metabolism through inhibition of the cytochrome P450 isoforms \[[@CR23], [@CR24]\]. The orange juice lacks naringin and also does not interact with the pharmacokinetics of other drugs attributing most of its interaction properties to naringin \[[@CR25], [@CR26]\]. Naringin in GFJ has also been shown to possess antioxidant and anti-inflammatory activities. In addition to naringin a number of other flavonoids have been reported in the grapefruit juices Table [1](#Tab1){ref-type="table"} \[[@CR27]\]. GFJ due to its intrinsic antioxidant and anti-inflammatory activities can potentiate and/or synergize the activity of ARI, hence the synergistic and potentiating effect of GFJ on the antioxidant and anti-inflammatory potential of ARI was studied in different H~2~O~2~ groups of mice by evaluating the biochemical and inflammatory oxidative stress parameters.Table 1Flavonoid content in grape fruit juice \[[@CR27]\]FlavonoidRange\
(mg/100 mL)Naringin10.1--86.7Narirutin2.6--12.2Naringenin0--12.6Poncirin0.1--1.9Hesperidin1.6--3.1Didymin0.3--1.7Neohesperidin0.2--1.1Quercetin0.2--0.9

Methods {#Sec2}
=======

Chemicals {#Sec3}
---------

All the chemicals used including ARI and naringin, were purchased from Sigma Chemical C., St Louis, MO, USA. ELISA kits were purchased from R&D Systems, Minneapolis, MN, USA. Kits for biochemical estimations were procured from Human Diagnostic Worldwide; Wiesbaden, Germany.

Preparation of grapefruit juice {#Sec4}
-------------------------------

The grapefruit used in the study was of imported to Saudi Arabia from United States origin and purchased from Tamimi Markets, Arqah, Riyadh, Saudi Arabia. GFJ was extracted by a domestic squeezer (Braun Citromatic Pulp Control MPZ6) and was filtered using a sieve of mesh diameter 1 mm.

Animals {#Sec5}
-------

Healthy 4 to 5 week old mice (male) were obtained from the Animal Breeding Facility of King Saud University, Riyadh, Saudi Arabia and kept in the Central Animal House Facility of the institute. Mice were kept in polypropylene cages at room temperature with relative humidity of 60 ± 15%, and 12 h light-dark cycle. The study was approved by the Institutional Animal Ethics Committee of King Saud University.

Experimental protocol {#Sec6}
---------------------

Seventy healthy male mice weighing between 25 and 30 g were randomly divided into seven groups (*n* = 10 each) and treated daily for 4 weeks as follows: Group I (G-I) control group (normal saline); Group II (G-II) H~2~O~2~ treated; Group III (G-III) 2 mg ARI along with normal drinking water; Group IV (G-IV) 0.5 ml of GFJ with normal drinking water; Group V (G-V) 2 mg/kg ARI with H~2~O~2~ in drinking water, Group VI (G-VI) 0.5 ml GFJ with H~2~O~2~ in drinking water, Group VII (G-VII) 2 mg/kg ARI and 0.5 ml GFJ juice along with H~2~O~2~ in drinking water. ARI was dissolved in 2 ml physiologic saline (0.9% *w*/*v*) and administered orally (gastric gavage). In all H~2~O~2~ treated groups normal drinking water was replaced with 0.4% H~2~O~2~. Samples of fresh juice were pasteurized by method of Tatum and Berry \[[@CR28]\] and was given by oral gavage. All the groups were sacrificed after 24 h by asphyxiation with carbon dioxide.

Flavonoid analysis {#Sec7}
------------------

Reverse phase liquid chromatographic technique (RP-HPLC) \[[@CR26]\] with some minor modifications was used to determine the content of naringin in the grapefruit juice. Briefly the chromatographic procedure included homogenization of GFJ and dimethylformamide in the ratio of 1:1 and centrifugation of the resulting solution at 4000 *g* for 20 min. The supernatant was filtered using as 0.2 μm filter and a sample of 20 μL was injected in the HPLC system (Waters, USA). The separation was carried out using as stainless steel 5 μm (Altima C18) column with dimensions of (250 × 4.6 mm I.D.). The mobile phase consisted of acetonitrile and 4% acetic acid in the ration of 65:35 *v*/v. the analysis was carried out at 280 nm and naringin was identified by comparison with the standard sample. The naringin was quantified using the known concentration of external standard. The standard calibration curve was plotted between different concentrations (0.5, 1.0, 2.0, 4.0, 8.0 and 1.6 mg mL^− 1^) of standard naringin against peak area. The concentration of the sample was determined from the calibration curve.

Biochemical analysis {#Sec8}
--------------------

Biochemical parameters including ALT, BUN, serum creatinine, and CK were estimated using various kits based on colorimetric methods (Human Diagnostic Worldwide; Wiesbaden, Germany) according to the manufacture instructions. The serum samples prepared from each mice group were stored at − 80 °C for biochemical and cytokine analyses.

Briefly, for ALT estimation 200 μl of serum was added to 1 ml of working reagent and incubated at 37 °C for 1 min. The absorbance of solution was measured at 340 nm every 1 min for 3 min.

For serum creatinine estimation, 10 μl serum was added to 1 ml of working reagent and the samples incubated at 37 °C for 30 s. The absorbance of the creatinine sample was read at 492 nm immediately and after 2 min.

For BUN estimation 10 μl serum was added to 1 ml of working reagent and the samples incubated at 37 °C for 30 s. Absorbance was read immediately and 1 min later at 340 nm for estimation of serum urea level The serum BUN level was then calculated by dividing the serum urea level by 2.14, the conversion factor derived on the molecular weights of both BUN and urea.

Protein levels in serum were measured by using bovine serum albumin as standard \[[@CR29]\]. The amount of protein was calculated from a standard curve. Protein values were expressed as g/dL. The levels of TNF-α, IL-1α, IL-2 and IL-10 were determined using an ELISA technique according to manufacturer's instructions (R&D Systems, Minneapolis, MN, USA). Plasma samples were pretreated with specific reagents for indicated period and were measured for cytokines concentration in accordance with the manufacturer's instructions with the detection limits of 3 pg/ml for TNF-α, 7 pg/ml for IL-1, 3 pg/ml for IL-2 and 3 pg/ml for IL9--10. The optical density of the samples was determined using a microplate reader set at 450 nm.

Statistical analysis {#Sec9}
--------------------

The results were expressed as mean ± SE. The data was analyzed using ANOVA -- Tukey post Hoc multiple comparison test. All statistical analysis was performed using Graph-Pad prism 6.0 software. *P* \< 0.05 was considered statistically significant difference.

Results {#Sec10}
=======

The content of naringin, the principal flavonoid present in GFJ, responsible for its anti-inflammatory, antioxidant and drug interaction properties was estimated using RP-HPLC technique. The concentration was found to be 0.39 mg mL^− 1^ (Fig. [1](#Fig1){ref-type="fig"}).Fig. 1**a**; Representative chromatogram of standard drug naringin; **b**; Representative chromatogram of the 50 μL GFJ injected into HPLC system

To evaluate the protection against oxidative stress and inflammation by ARI and GFJ alone and in combination in H~2~O~2~ treated mice serum levels of certain biochemical markers (ALT, BUN, CK, creatinine and total protein) and pro-inflammatory cytokines (IL-1α, IL-2, IL- 10 and TNF-α) were measured. The levels of the obtained results for the biomarkers are presented in Table [2](#Tab2){ref-type="table"}.Table 2Effect of H~2~O~2,~ GFJ, ARI induced alterations alone and in combination, on the levels of enzymatic and non-enzymatic antioxidant contents in serum of control and treated miceTreatment GroupsGroup I ControlGroup II H~2~O~2~Group III GFGroup IV ARIGroup V GF+ H~2~O~2~Group VI ARI+ H~2~O~2~Group VII ARI + GF + H~2~O~2~ALT (U/ml)40.07 ± 2.70103.3 ± 3.40^\*^36.98 ± 3.3038.03 ± 3.9069.42 ± 4.29 ^\*\#^49.98 ± 3.43^\*\#^38.99 ± 3.29^\#^Protein (mg /ml)4.45 ± 0.902.08 ± 0.20^\*^4.12 ± 0.194.57 ± 0.103.70 ± 0.70^\*\#^4.38 ± 0.30^\#^4.98 ± 0.21^\#^BUN (mg/dl)43.07 ± 2.69129.6 ± 4.10^\*^41.50 ± 3.4038.06 ± 2.8073.86 ± 3.67 ^\*\#^56.50 ± 2.85^\*\#^40.31 ± 3.28^\#^Creatinine (mg/dl)0.32 ± 0.030.58 ± 0.07^\*^0.385 ± 0.060.285 ± 0.010.48 ± 0.08^\*\#^0.45 ± 0.04^\*\#^0.41 ± 0.06^\#^CK (U/ml)66.66 ± 5.3052.6 ± 7.80^\*^63.12 ± 5.2068.28 ± 3.6069.9 ± 8.70^\#^71.9 ± 6.30^\#^60.53 ± 4.9\* Statistically significant when compared to control group (*P* \< 0.0001)^\#^Statistically significant when compared to H~2~O~2~ treated group (*P* \< 0.0001)Data presented as (mean ± SE) of three independent experiments and No. of animals (n = 10)

A significant increase was observed in the ALT, BUN and creatinine levels whereas a decrease in CK and total protein was observed in the H~2~O~2~ treated group. There was no significant change in the ALT, BUN, CK, creatinine and total protein levels of the ARI and GFJ treated groups compared to the control group. In ARI+ H~2~O~2,~ GFJ+ H~2~O~2~ and GFJ + ARI + H~2~O~2~ treated groups there was a significant reversal in the ALT, BUN, CK, creatinine and total protein levels compared to H~2~O~2~ treated group. Amongst the three the GFJ + ARI + H~2~O~2~ group could significantly reverse the changes caused by H~2~O~2~ in ALT, BUN, creatinine and total protein levels and the changes obtained were insignificant compared to control group.

The pro-inflammatory factors like IL-1α, IL-2, IL-10 and TNF-α elevated due H~2~O~2~ induced oxidative stress. The elevated levels of IL-1α decreased significantly in (ARI) and (ARI + GFJ) treated groups however GFJ alone could not decrease the elevated levels of IL-1α significantly when compared to control group (Fig. [2](#Fig2){ref-type="fig"}). Similarly, the combination of ARI + GFJ decreased IL-2 significantly when compared to H~2~O~2~ group but there was insignificant difference with the control group (Fig. [3](#Fig3){ref-type="fig"}). In case of IL-10, GFJ and combination of ARI and GFJ reduced elevated levels IL-10 significantly compared to H~2~O~2~ treated group like those in control group (Fig. [4](#Fig4){ref-type="fig"}). The TNF-α levels were reversed significantly in GFJ treated group but the ARI treated group showed incomplete protection when compared to control. While as the combination of GFJ and ARI showed significant protection when compared to the control group (Fig. [5](#Fig5){ref-type="fig"}).Fig. 2Effect of grapefruit juice (GFJ) and aripiprazole (ARI) on oxidative stress induced by H~2~O~2~ by IL-1α levels. IL-1α concentration is expressed as pg/ml (*n* = 10); The treated groups were compared to control group. \*\*\*\**P* \< 0.0001, \*\**P* \< 0.01, ns: non-significant. ^\#^Group I: Control; Group II: H2O2 treated; Group III; ARI treated; Group IV GFJ treated; Group V: GFJ and H~2~O~2~ treated; Group VI; ARI and H~2~O~2~ treated; Group VII; ARI, GFJ and H~2~O~2~ treatedFig. 3Effect of grapefruit juice (GFJ) and aripiprazole (ARI) on oxidative stress induced by H~2~O~2~ by IL-2 levels. IL-2 concentration is expressed as pg/ml (n = 10), The treated groups were compared to control group. \*\*\*\**P* \< 0.0001, \*\**P* \< 0.01, \**P* \< 0.1, ns: non-significant. ^\#^Group I: Control; Group II: H2O2 treated; Group III; ARI treated; Group IV GFJ treated; Group V: GFJ and H~2~O~2~ treated; Group VI; ARI and H~2~O~2~ treated; Group VII; ARI, GFJ and H~2~O~2~ treatedFig. 4Effect of grapefruit juice (GFJ) and aripiprazole (ARI) on oxidative stress induced by H~2~O~2~ by IL-10 levels. IL-10 concentration is expressed as pg/ml (n = 10); The treated groups were compared to control group. \*\*\*\**P* \< 0.0001, \**P* \< 0.1, ns: non-significant. ^\#^Group I: Control; Group II: H2O2 treated; Group III; ARI treated; Group IV GFJ treated; Group V: GFJ and H~2~O~2~ treated; Group VI; ARI and H~2~O~2~ treated; Group VII; ARI, GFJ and H~2~O~2~ treatedFig. 5Effect of grapefruit juice (GFJ) and aripiprazole (ARI) on oxidative stress induced by H~2~O~2~ by TNF-α levels. TNF-α concentration is expressed as pg/ml (*n* = 10 The treated groups were compared to control group. \*\*\*\**P* \< 0.0001, \*\*\**P* \< 0.001, ns: non-significant. ^\#^Group I: Control; Group II: H2O2 treated; Group III; ARI treated; Group IV GFJ treated; Group V: GFJ and H~2~O~2~ treated; Group VI; ARI and H~2~O~2~ treated; Group VII; ARI, GFJ and H~2~O~2~ treated

Discussion {#Sec11}
==========

ARI, GFJ and combination of the two protects the mice from oxidative stress and inflammatory injury induced by H~2~O~2~ with reversal of altered enzyme/cytokine levels. ALT estimation is important for determination of hepatic injury and its levels were reduced significantly in mice treated with ARI and GFJ alone as well as in combination in the H~2~O~2~ treated group. The ALT levels could not reach the normal values when GFJ and ARI were used alone, however in the treatment group where the combination of GFJ and ARI was used the ALT levels decreased significantly and were insignificantly different from the control values. The possible explanation for these results could be the synergistic antioxidant property of GFJ on ARI. Since, GFJ contains citrus flavonoids and these have been known to possess diverse biologic activities. Concomitant to our study, previous studies demonstrated that elevated ALT levels decreased post antioxidant treatment \[[@CR30]\]. Naringin and naringenin are amongst the most important citrus flavonoids and are present in abundance in GFJ and thus attribute anti-inflammatory and antioxidant properties to GFJ. \[[@CR16]--[@CR21], [@CR31]\]. It has been hypothesized that since orange juice lacks the naringin, hence does not interact with various drugs. Therefore, the interaction with ARI with GFJ could be because of presence in high amounts of naringin in GFJ. Also, naringin has been shown to have interaction with several other drugs \[[@CR32], [@CR33]\].

Similarly, the total protein levels returned to normal in all the three treatment groups i.e., ARI, and ARI + GFJ group. However, GFJ alone could not increase back the total protein levels significantly compared to control group. Oxidative stress impacts translation and protein degradation, affecting protein expression levels in addition to changes at the mRNA level. The data of this study is concomitant with the previous literature which reports that translation and protein synthesis are generally down-regulated during oxidative stress depending on the type of stress \[[@CR34]\]. Furthermore, increase or decrease in protein levels may mean that liver damage has occurred or disease is present. The BUN levels were elevated due to oxidative stress. These results are in agreement with elevated BUN levels in oxidative stress by Kojima et al\... 2007 \[[@CR35]\], who correlated the higher levels with the impairment of kidney function. ARI, GFJ and their combination significantly reduced the BUN levels. The combination of the two was more potent in bringing the BUN to normal levels compared to either of them alone. In case of CK all the treatment groups decreased the CK levels back to normal thus showing the efficacy of the three against high CK levels. Increase in CK levels in oxidative stress was also reported by Ohta et al \[[@CR36]\].

Insult with H~2~O~2~ activates NF-kB and JNK pathways through stimulating ROS generation \[[@CR37]--[@CR39]\]. The activation of these signal pathways enhanced downstream inflammatory and oxidative reactions in liver and facilitated the production of cytokines and chemotactic factors like IL-1α, IL-2, IL-10 and TNF-α \[[@CR40], [@CR41]\]. IL-1 plays a crucial role in sustaining oxidative stress. The constitutive expression of IL-1 has been already shown to stimulate angiogenesis and promote tumor growth and metastasis in some mouse melanoma models \[[@CR42], [@CR43]\]. The elevated levels of all inflammatory cytokines reversed back significantly in the mice groups treated with ARI and GFJ.

In this study, GFJ potentiates the effect of ARI, since ARI is more potent antioxidant than GFJ as is seen in the results section. The potentiating effect of GFJ on ARI can be attributed to the fact that that GFJ increases the oral bioavailability of various drugs by inhibition of CYP3A4 and CYP2D6 iso-enzymes, thus reducing the first pass elimination of these drugs \[[@CR44]--[@CR46]\]. As ARI is metabolized by the cytochrome P450 isoforms CYP3A4 and CYP2D6 and also it's main pharmacologically active metabolite OPC-14857 is dependent on CYP3A4 and CYP2D6 for its production and elimination \[[@CR45]\]. Therefore, GFJ can influence the plasma concentration of ARI. Thus the GFJ could have both the synergistic antioxidant and anti-inflammatory action as well as it can also potentiate the action of ARI by increasing the plasma concentration of the ARI. The combination of GFJ and ARI was seen to be more potent effect and showed higher level of protection in all our parameters. The possible reason for greater protection from the combination could be the synergistic effect of GFJ. GFJ contains polyphenols and previous studies have reported that polyphenol compounds exert an anti-inflammatory effect on oxidative stress particularly by reducing inflammatory cytokines \[[@CR47], [@CR48]\]. There is very high variation in the flavonoid content of GFJ and naringin is the most abundant and unique flavonoid present in the GFJ (Table [1](#Tab1){ref-type="table"}). Naringin has several health benefits and is bioavailable as naringin aglycone (naringenin). Naringin or naringenin acts as an antioxidant, hypolipidemic, increases alcohol metabolism, anti-apoptotic, decreases risk of atherosclerosis etc \[[@CR27]\]. It has also been reported that pro-inflammatory cytokine production decreased post antipsychotic treatments \[[@CR5]\]. Hence, the use of ARI along with GFJ juice might increase to the anti-oxidative potential of ARI due to inherent antioxidant and anti-inflammatory activity. GFJ could also increase the bioavailability of ARI, reducing possible side effects of ARI due to its lesser dosage.

Conclusion {#Sec12}
==========

GFJ and ARI both reversed the altered biochemical and pro-inflammatory parameters in mice treated with hydrogen peroxide but none of them individually could reach to the insignificant difference with levels of control group. However, the combination of GFJ and ARI reduced all the altered parameters to insignificant differences with control group. We conclude a synergistic and potentiating effect of GFJ and ARI. Further, on the basis of results obtained, we demonstrate that the dose of ARI could potentially be reduced in combination therapy with GFJ, though further studies are needed, including trials involving humans.
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